Phenylacetic and retinoic acids are carboxyacidic cell differentiating agents displaying anticancer activities. We report on a new class of compounds including the 5¢-esters of 2¢-deoxyadenosine (dA) or 2-chloro-2¢-deoxyadenosine (cladribine, 2CdA) and the aforementioned acids. The rationale behind the synthesis of these esters was that if they are hydrolyzed inside the lymphoid cells, either dA will be removed from the intracellular environment by deamination, or 2CdA will be phosphorylated and accumulated. In either case targetted delivery of the differentiating agent to the lymphoid cells may be envisaged. The said compounds were synthesized by the Mitsunobu procedure employing triphenylphosphine and azadicarboxylic acid esters, and their stability was tested against various esterases. Esters of dA and 2CdA with phenylacetic acids were found to be resistant to enzymatic hydrolysis, whereas those with retinoic acids were efficiently hydrolyzed by commercially available hepatic esterase as well as by esterases present in the blood plasma and in diluted human lymphocyte lysate. Susceptibility to enzymatic hydrolysis was found to be a prerequisite of cytotoxic and/or differentiating activity of these esters in leukemic cell lines. 2¢-deoxyadenosine; 2CdA, 2-chloro-2¢-deoxyadenosine (cladribine); dCF, deoxycoformycin; AZT, 3¢-azido-2¢,3¢-dideoxythymidine (zidovudine); ATRA, all-trans-retinoic acid; dCK, deoxycytidine kinase; ADA, adenosine deaminase; Me 2 SO, dimethylsulfoxide.
Phenylacetate (PA) and its analogs [1, 2] , as well as several retinoic acids [3] are inducers of cell differentiation. In various assay systems these carboxyacidic differentiating agents have been found to display anticancer (cytotoxic and/or proapoptotic) properties [4, 5] , and some of them are being tested in treatments of chosen neoplastic diseases including leukemias [5, 6] . Combinations of a differentiating agent with various cytotoxic drugs are also being considered [7] . For example, phenylbutyric acid (PB) enhances growth inhibition of fluorodeoxyuridine-treated human colon cell lines in vitro [8] . Combination of all-trans-retinoic acid (ATRA) with cytarabine has been recently evaluated in newly diagnosed acute promyelocytic leukemia cases [9] and in high-risk myelodysplastic syndrome [10] . Treatment with combination of deoxyadenosine (dA) and the potent adenosine deaminase (ADA) inhibitor deoxycoformycin (dCF) greatly enhanced granulocytic differentiation of acute myeloid leukemia cells in vitro by ATRA [11] .
Lymphocytes display exceptionally high activity of deoxycytidine kinase (dCK), the enzyme which controls phosphorylation of dA and some of its analogs, such as cladribine (2-chloro-2¢-deoxyadenosine, 2CdA) [12] . While dA alone is not toxic to these cells because it is efficiently eliminated by ADA, dA combined with the ADA inhibitor dCF results in intracellular accumulation of dA phosphates leading to the depletion of lymphocytic ATP and selective lymphocyte death [13] . In a similar mechanism 2CdA, which is resistant to ADA but is efficiently phosphorylated by dCK, accumulates several hundred-fold inside the lymphocytes and also exerts selective lymphocytotoxicity [14] (Fig. 1) .
Considering the high deamination rate of dA and the significant intracellular accumulation of 2CdA phosphates in lymphoid cells we designed a series of 5¢-esters of dA and 2CdA with carboxyacidic derivatives known of their cell differentiating properties: PA, orthobromo-phenylacetate (o-Br-PA), PB, ATRA and 13-cis-retinoate. We hypothesized that These nucleosides are taken up from extracellular milieu (e) by nucleoside transporting proteins located at the cellular membranes. Lymphoid cells contain uniquely high activity of deoxycytidine kinase (dCK), the regulatory enzyme for the tri-step purine nucleoside phosphorylation pathway. Inside these cells (i) dA is phosphorylated to mono-, diand triphosphates in quantities matched to the requirement for DNA synthesis, and the excess is efficiently deaminated by adenosine deaminase (ADA) to 2¢-deoxyinosine (dI). 2CdA follows similar route, except that it is not deaminated by ADA. The resistance to deamination results in selective accumulation of 2CdA phosphates inside the lymphoid cells, leading to DNA synthesis inhibition and induction of apoptosis.
such esters could serve as vehicles for targeted delivery of the said differentiating agents to lymphocytes. The removal of the nucleoside product of hydrolysis of these esters (dA or 2CdA) by deamination and phosphorylation, respectively, should lead to selective concentration of the differentiating agent inside lymphoid cells (Fig. 2) .
Here we describe the synthesis and some physico-chemical properties of these esters, and report on their susceptibility to enzymatic hydrolysis in vitro. 
MATERIALS AND METHODS

General
Synthesis of 5¢-O-acylnucleosides
General procedure. A sample of 2¢-deoxyadenosine or 2-chloro-2¢-deoxyadenosine and of corresponding carboxylic acid (3 mmol each) was twice evaporated with pyridine (2 0 ml) and suspended in dry pyridine (25 ml for 2¢-deoxyadenosine or 20 ml for 2-chloro-2¢-deoxyadenosine) at room temperature. To the stirred reaction mixture triphenylphosphine (1.05 g, 4 mmol) and diisopropyl azodicarboxylate (810 mg, 4 mmol) were added portionwise. This was stirred additionally for 30 min and evaporated to an oil, and three times coevaporated with toluene to remove the rest of pyridine. The residue was applied on a silica gel 60 column (3´25 cm) and chromatographed with CH 2 Cl 2 (300 ml), then with CH 2 Cl 2 -MeOH (95:5). The product-containing fractions were evaporated to a solid foam.
5¢-O-phenylacetyl-2¢-deoxyadenosine (2a):
From 2¢-deoxyadenosine (1a) and phenylacetic acid. Yield: (24% Stability and enzymatic hydrolysis of dAand 2CdA-5¢-esters. Blood was collected from young healthy male human volunteers using heparin as an anticoagulant. Plasma was isolated by centrifugation (1200´g for 10 min). Lymphocytes were isolated from 3 ml aliquots of blood using Lymphoprep (Nycomed Pharma AS) and the procedure recommended by the manufacturer. The isolated lymphocytes (volume about 10 ml) were frozen and thawed thrice, and cellular debris was removed from the lysate by centrifugation.
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The esters 2a-2l were dissolved in Me 2 SO and added (1 : 9) to: a) deionized water; b) water suspension of porcine liver esterase (2 units/ml); c) human blood plasma; and d) human lymphocyte lysate diluted 2000 times. Reaction mixtures were then incubated at 37°C for several hours, and samples for the assay of released nucleosides were taken every hour. Free nucleosides (dA or 2CdA) were assayed by HPLC using a Merck Hitachi LaChrom chromatographic system, a Supelcosil C18 column, and 35 mM phosphate buffer (pH = 3) containing 9% acetonitrile as a mobile phase (injection volume 20 ml, flow rate 1 ml/min, detection at 264 nm).
RESULTS
Chemical synthesis
Mitsunobu reaction is frequently employed for various organic reactions. Gentle reaction conditions (triphenylphosphine and dialkyldiazacarboxylate at room temperature) are very useful for chemical modification of biologically active compounds ( [15] , and references therein). It has been found that carboxylic acids specifically substitute 5¢-hydroxyl group of ribo-and deoxyribonucleosides under the above mentioned conditions [15] . In this report we used Mitsunobu reaction for the synthesis of various 5¢-O-acyl derivatives of 2¢-deoxyadenosine and its structural analogue 2-chloro-2¢-deoxyadenosine (Fig. 3) . Due to the poor solubility of purine nucleosides 2¢-deoxyadenosine (1a) and 2-chloro-2¢-deoxyadenosine (1b) in diethyl ether or tetrahydrofurane which are usually used as solvents for Mitsunobu reaction, we applied pyridine as the reaction medium. According to the results of analytical TLC, single reaction products were formed. The yields of 5¢-acylated nucleosides 2a-l were lower than reported for acylation of alcohols in etheral solvents. The new nucleoside derivatives isolated by column flash chromatography were characterized by 1 H-NMR and elemental analysis. The presence of only 3¢-OH signal in 1 H-NMR spectra of the reaction products isolated indicated the substitution of the primary 5¢-hydroxyl group.
Susceptibility to enzymatic hydrolysis
In the absence of esterase activity no release of free nucleosides was observed from any of the esters. In the presence of esterases there was also no release of the nucleosides from the esters of dA and 2CdA with PA, o-Br-PA and PB (data not shown). However, continuous release of free dA or 2CdA in the presence of porcine esterase, blood plasma, or diluted human lymphocyte lysate were noted from the esters containing ATRA and 13-cis-retinoate. As an example, data concerning the release of 2CdA from the ATRA-5¢-O-2CdA ester are shown (Fig. 4) . 
DISCUSSION
5¢-Esters of dA and 2CdA with carboxyacidic differentiation inducers were designed for a targetted delivery of these cell differentiating compounds to lymphoid cells. The concept of targetted delivery is summarized in Fig. 2 . Being much more lipophilic than the parent nucleosides, the esters should easily penetrate cell membranes and in the intracellular environment they may undergo esterase-catalyzed hydrolysis to the parent compounds. In lymphoid cells dA should be efficiently deaminated and removed, while 2CdA should be phosphorylated and concentrated several hundred-fold. In either case free carboxyacidic differentiating agent should concurrently be concentrated selectively in lymphoid cells. A concept of lipophilic nucleoside 5¢-esters with various carboxylic acids (amino acids, aliphatic acids, polyunsaturated fatty acids, and others) has been exploited by several groups for construction of prodrugs of 3¢-azido-2¢,3¢-dideoxythymidine (AZT) (reviewed in [16] ). Among them the 5¢-ester of AZT with ATRA has been synthesized [17] . Lipophilic 5¢-esters were expected to be preferentially deposited in cellular membranes providing for sustained intracellular release of AZT. Furthermore, some carboxylic acids used to esterify AZT display their own antiretroviral activity and their hydrolysis would release two active species with different target sites. This may result in improved antiviral efficacy and better tolerance, and may also retard the development of resistance. Interestingly, AZT-5¢-ATRA improved cellular uptake of AZT in vitro four-fold. Furthermore, it was more cytotoxic than free AZT, which was attributed to the effect of ATRA released intracellularly [17] .
In close analogy to the AZT-5¢carboxylic acid esters, a prerequisite for the dA-or 2CdA-5¢-esters-mediated targetted delivery of a differentiating agent to lymphoid cells is that the esters undergo intracellular hydrolysis to release the parent compounds. Since all these esters are stable in aqueous environment, esterase-mediated hydrolysis is required. The esters of dA and 2CdA with PA, o-Br-PA and PB were found totally resistant to esterasemediated hydrolysis, therefore no pharmacological activity of these compounds should be expected. On the other hand, the esters with ATRA and 13-cis-retinoil were hydrolyzed by a commercially available porcine liver esterase, as well as by blood plasma and diluted lysates Vol. 49 Esters of dA and 2CdA 135 Note that the human lymphocyte lysate was obtained from 3 ml of blood and diluted 2000 times. Therefore the esterase activity inside the lymphocytes is supposedly several thousand times higher than in the plasma.
of human lymphocytes. In agreement with these observations, experiments with leukemic cell cultures in vitro (which will be reported elsewhere) showed that the esters with PA, o-Br-PA and PB display neither cytotoxic nor cell-differentiating activity, whereas dA ester with ATRA was able to differentiate leukemic cells, and 2CdA ester with ATRA displayed both cytotoxic and cell-differentiating activity.
Targetted delivery of retinols to lymphatic tissues using their dA-5¢-esters may help to reduce dangerous and sometimes fatal systemic retinoil toxicity known as "retinoic acid syndrome" [18, 19] .
Although preliminary experiments suggest that under in vitro conditions the 2CdA ester with ATRA is on a molar basis less cytotoxic toward leukemia cell lines than the free 2CdA, this may not be predictive for its in vivo effects. Recently a critical role of angiogenesis in several hematological malignancies has been suggested, possibly mediated through the production by leukemic cells of vascular endothelial growth factor (VEGF). The production of VEGF may be abrogated by ATRA (see [20] and references therein). Concurrent sustained delivery of 2CdA and ATRA to leukemic cells by the 2CdA-5¢-O-ATRA ester could produce a combination of cytotoxic and antiangiogenic effects.
Considering the above, assessment of possible therapeutic potential of dA-and 2CdA esters with ATRA and other retinoic acids is indicated. 136 P. Grieb and others 2002
